We previously described skewed repertoires of the T cell receptor-␤ chain variable region (TCRBV) and the TCR-␣ chain variable region (TCRAV) soon after allogeneic hematopoietic cell transplantation. To determine the characteristics of skewed TCRBV after transplantation, we examined the clonality of T lymphocytes carrying skewed TCRBV subfamilies and determined the CDR3 sequences of expanded T cell clones. In all 11 recipients examined, TCR repertoires were skewed, with an increase of certain TCRBV subfamilies that differed among individuals. In nine of 11 patients, clonal/oligoclonal T cell expansion was observed, although the expanded T cells were not necessarily oligoclonal. The extent of expansion after transplantation appeared to predict clonality. The arginine (R)-X-X-glycine (G) sequence was identified in clonally expanded T cells from four of five recipients examined, and glutamic acid (E), aspartic acid (D) and alanine (A) were frequently inserted between R and G. These results suggest that T lymphocyte expansion may result from the response to antigens widely existing in humans, and that the extensive clonal expansion of a limited number of T cells leads to contracted CDR3 diversity and post-transplant skewed TCR repertoires. Bone Marrow Transplantation (2001) 27, 607-614. Keywords: T cell clonality; CDR3; allogeneic hematopoietic cell transplantation
mised hosts.
2, 3 We also found that TCR usage appears to be limited, and that amino acid sequences frequently contain an arginine residue followed by acidic amino acid residues in the complementarity-determining region 3 (CDR3) of TCR-␤ chains containing BV24S1, suggesting that skewing of the TCRAV and TCRBV repertoires is antigen-driven. 1 These features of post-transplant T cell regeneration are similar to those during extrathymic differentiation of T cell progenitors and peripheral expansion of mature T cell populations, which have been demonstrated by murine bone marrow transplantation studies. 4 Extrathymic differentiation of T cell progeny in bone marrow generates TCR␥␦ ϩ and CD4 Ϫ CD8 Ϫ TCR␣␤ ϩ T cells. 5, 6 Peripheral expansion of mature T lymphocytes is driven by the antigenic milieu of the host 7, 8 and gives rise to substantial numbers of TCR␣␤ ϩ CD4 ϩ and TCR␣␤ ϩ CD8 ϩ T cells. 5, 9 However, an infusion of a limited number of T cells into athymic mice results in skewed TCR repertoires. 5 Clonal expansion of T lymphocytes is the principal mechanism of antigen-specific immune responses. 10, 11 The CDR3 regions of TCRBV and TCRAV make the principal contact with an antigenic peptide that is bound to the major histocompatibility complex (MHC) and the CDR3 sequences are important predictors of antigen specificity. 12 If common antigens are responsible for a skewing of TCR repertoires after transplantation, CDR3 diversity should be constrained and homologous CDR3 sequences might be found in expanded T cell clones from individuals carrying the same HLA antigens. The present study addresses the following issues: whether post-transplant skewing of the TCR repertoire is always associated with clonal expansion, whether the extent of T cell expansion correlates with clonality and whether clonally expanded T cells have consensus sequences among patients.
Materials and methods

Patients
Written informed consent was obtained from all patients and donors before collecting blood samples. All patients Table 1 Nucleotide sequences of the TCRBV and TCRBC primers Primer Sequence (5Ј-3Ј) Target segment   VB1-1  ACAACAGTTCCCTGACTTGCA  BV1S1  VB2-1  TCATCAACCATGCAAGCCTGA  BV2S1  VB3-1  GTCTCTAGAGAGAAGAAGGAG  BV3S1  VB4-1  TTGACAAGTTTCCCATCAGCC  BV4S1, BV4S2  VB5-1  CTTCAGTGAGACACAGAGAAA  BV5S1  VB5-2  ATTATGAGGAGGAAGAGAGACA  BV5S2  VB5-4  TGACGAGGGTGAAGAGAGAAA  BV5S8  VB5-5  ATTATAGGGAGGAAGAGAATGG  BV5S6  VB6-1  ACGATCGGTTCTTTGCAGTCA  BV6S1  VB6-2  TCAACTAGACAAATCGGGGCT  BV6S2  VB6- 
Bone marrow donors were conditioned with myeloablative chemoradiotherapy, mostly consisting of fractionated total body irradiation (12 Gy in six fractions) and cyclophosphamide (60 mg/kg/day for 2 days), followed by an infusion of allogeneic marrow or blood stem cell grafts from HLA-matched donors. All patients received cyclosporin A and short-term methotrexate for the prophylaxis of acute graft-versus-host disease (GVHD). 13 Engraftment was confirmed by the recovery of hematopoiesis and the presence of donor-derived sex chroBone Marrow Transplantation mosomes or mismatched antigens on red cells. Clinical grading of acute GVHD was determined according to the criteria reported by Glucksberg et al. 14 Patients were monitored weekly for cytomegalovirus (CMV) infection using CMV antigenemia assays 15 from when the granulocyte count reached 500/l until 100 days after transplantation. Patients who were CMV antigenemia positive assay received prophylactic ganciclovir (5 mg/kg/day, 3 days a week) from when the granulocyte count was greater than 1000/l. 16 
TCRBV repertoire analysis
The TCRBV repertoire was analyzed using an adaptor ligation PCR-based microplate hybridization assay, as described. 17 Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by the Ficoll/Conray gradient centrifugation from 10 ml of heparinized blood. Total RNA was extracted from PBMCs and converted to double-strand cDNA using a SuperScript cDNA synthesis kit (BRL, Bethesda, MD, USA). The P10EA/P20EA adaptors were ligated to the 5Ј end of cDNA prepared from PBMCs, and PCR was performed using a biotinylated TCRCB-specific primer and a P20EA primer. Biotinylated PCR products were hybridized with immobilized TCRBV-specific primers in 96-well microtiter plates. Subsequently, alkaline phosphatase-conjugated streptavidin was added to each well for a colorimetric assay.
PCR amplification and CDR3 size distribution analysis of the TCR-␤ chain
To know the size of the CDR3 region in TCR-␤ chains allows the estimation of clonal expansion over the polyclonal background. 10, 18, 19 We used this technique to determine the clonality of T cells carrying skewed TCRBV subfamilies. PBMCs were isolated from 10 ml of heparinized blood and total RNA was extracted using an RNeasy Total RNA Kit (Qiagen, Hilden, Germany). Complementary DNA was synthesized using a First-Strand cDNA Synthesis Kit with an oligo-dT primer (Amersham Pharmacia Biotech, Uppsala, Sweden). 20, 21 Aliquots of the cDNA were amplified with a V␤-specific primer and a C␤-specific primer. The sequences of the V␤ and C␤ primers are shown in Table 1. 2,22 Sequences were amplified over 40 cycles in a 20 l reaction mixture containing 0.2 m of each primer and 0.5 U of Taq polymerase (TaKaRa, Osaka, Japan). The PCR conditions were as follows: denaturation at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 1.5 min followed by a single extension at 72°C for 15 min. The PCR buffer was 10 mm Tris-HCl (pH 8.3), 50 mm KCl, 1.5 mm MgCl 2 , and 0.2 mm of each dNTP.
Unlabeled V␤-C␤ PCR products (4 l) were elongated by one cycle (runoff reaction) with a FAM-labeled nested C␤ primer (FAM-CB3) under the following conditions: denaturation at 94°C for 2 min, annealing at 55°C for 1 min and extension at 72°C for 15 min. The reaction buffer was the same as that described above. The labeled PCR products were mixed with the size marker (GeneScan-500 TAMRA, Applied Biosystems, Warrington, UK), and loaded on to a 5% polyacrylamide sequencing gel to determine size and fluorescence intensity using an automated DNA sequencer (ABI 377, Perkin-Elmer Applied Biosystems, Foster City, CA, USA). Data were analyzed using GeneScan software (Perkin-Elmer Applied Biosystems).
Sequencing CDR3 regions in TCR-␤ chains
The PCR products of the TCR-␤ chain were cloned into the PCR2.1 TA cloning vector (Invitrogen, Carlsbad, CA, USA) and sequenced using a Big-Dye Terminator Cycle Sequencing Kit (Perkin-Elmer Applied Biosystems) 3 and an Applied Biosystems 377A automated DNA sequencer.
Results
Clonality of T cell populations with skewed TCRBV repertoires
Matsutani et al. 17 have reported variable expression levels of several TCRBV segments among healthy individuals, whereas expression levels of TCRAV repertoires do not vary much. The TCRBV repertoires of T lymphocytes in bone marrow grafts from 10 healthy donors for allogeneic transplantation were essentially similar to those of circulating blood T cells from healthy individuals (Figure 1) . 17 In agreement with previous reports, the usage of some TCRBV segments was variable. Based on these data, skewing of the TCR repertoire was defined as a significant increase of TCRBV subfamilies with a percentage greater than the mean plus three standard deviations of 10 healthy marrow transplantation donors.
TCRBV repertoires were skewed in virtually all 11 recipients of allogeneic hematopoietic cell grafts. Representative results from one patient are shown in Figure 2 . The TCRBV repertoires did not apparently become skewed until day 41, then increased VB5-4, VB6-2, VB6-3 and VB8-1 usage became evident on day 70. The skewed TCRBV subfamilies differed among patients (Table 2) . If the expansion of TCR␣␤ ϩ T lymphocytes is induced by the stimulation with classical peptide antigens, CDR3 length should be constrained and sequences should be homologous. 11, 23 An example of clonality is shown in Figure 3 . Although T lymphocytes carrying increased TCRBV were not always clonal, at least one TCRBV subfamily was clonally expanded in nine of the 11 patients ( Table 2) .
Extent of the skewing in TCRBV repertoires and clonality
We examined whether or not the magnitude of T cell expansion and clonality were correlated. We compared the percentage of T lymphocytes bearing a skewed TCRBV Blood samples were taken at the indicated time points after transplantation. b Target TCRBV segments detected by each TCRBV probe were previously described elsewhere.
17
ND ϭ not determined.
subfamily after transplantation with that of T lymphocytes carrying the same TCR subfamily in the graft (Figure 4 ). Polyclonal T cell expansion was accompanied by less extensive skewing, with scores clustered between two and four, while clonal T cell expansion was associated with a variable magnitude of skewing, with scores scattered between one and 15. However, when the skewing scores were higher than five, T cell expansion was always 'clonal' or 'oligoclonal'.
Consensus sequences of the CDR3 region in expanded T cell clones from different recipients
Expanded T cell clonality was confirmed in five patients by subcloning PCR products of TCR-␤ chains and determining the CDR3 sequences ( Table 3 ). The arginine (R)-X-X-glycine (G) sequence was found in clonally expanded T cells from four of five recipients, and glutamic acid (E), aspartic acid (D) and alanine (A) were frequently inserted between the arginine and glycine residues.
Discussion
The present study found clonal/oligoclonal T cell expansion in most transplanted patients examined, although posttransplant skewing of the TCR repertoires was not necessarily accompanied by clonal predominance in CDR3 size according to spectratyping. Extensive T cell expansion was associated with clonal predominance according to CDR3 spectratyping, suggesting that the extensive proliferation of a limited number of T cells leads to contracted CDR3 diversity. TCRBV repertoires are skewed in virtually all recipients These two patients were previously described elsewhere. 1 Blood samples were taken at times different from those in the previous report and analyzed separately. c R-X-X-G sequences are underlined. R ϭ arginine; G ϭ glycine; E ϭ glutamic acid; A ϭ alanine; D ϭ aspartic acid.
of allogeneic hematopoietic grafts. 1 Our DNA sequence analysis revealed the R-X-X-G amino acid sequence in the CDR3 region of TCR-␤ chains in clonally expanded T cells from four of five patients. In addition, glutamic acid, aspartic acid and alanine were frequently positioned between R and G. The CDR3 loops of TCRBV and TCRAV establish the principal contacts with an antigenic peptide bound to MHC molecules and the CDR3 sequences of TCR are crucial predictors of antigen specificity. 12, 23 Therefore, clonal T cell expansion after transplantation may result from responses to widely prevalent antigens.
Although the antigen specificity of the clonally expanded T cells following allogeneic transplantation remains to be determined, some clues are suggestive. The CD8 ϩ CD28 Ϫ CD57 ϩ T cell subset expands in the peripheral blood of patients receiving allogeneic bone marrow transplants. 24, 25 Moreover, the CD8 ϩ CD28 Ϫ T cell population contains virus-specific memory cytotoxic T lymphocytes that respond to human cytomegalovirus (CMV), [26] [27] [28] and CMV is reactivated during the first 3 months after allogeneic marrow transplantation. 29 We recently reported that the clonal/oligoclonal expansion of CD8 ϩ CD28 Ϫ T cells imposes a skew on the TCR repertoires of circulating blood T lymphocytes in recipients of allogeneic hematopoietic cell grafts. 30 Therefore, clonal T cell expansion following transplantation may be driven by stimulation by antigens such as herpesviruses that can persist in a host. In support of this, one report describes the association between CD8 ϩ T cell expansion and CMV infection. 31 As yet, we are unable to draw any conclusions regarding the relationship between clonal T cell expansion and the immunocompetence of allogeneic transplant recipients. Quantitative analysis of antigen-specific CD8 ϩ T cells using major histocompatibility complex (MHC)-peptide tetramers for dominant CMV epitopes 32, 33 may provide insight into the clonal expansion of T cells following allogeneic hematopoietic cell transplantation.
